The AGARD-B calibration model is tested in a continuous closed-circuit 0.8 × 0.6 transonic wind tunnel. The lift, drag, pitching-moment and the base pressure are measured at freestream Mach number of 0.60 and 0.75, the Reynolds number based on the wing mean aerodynamic chord about 2 × 10 6 and angle of attack between −6
and 6
• . The effects of the boundary-layer transition on the aerodynamic characteristics are analyzed, and the results are compared with data available in the literature. 
I. Introduction
In wind-tunnel investigations with models of airplanes or airplane components, it is often desirable to simulate a flow that in most respects behaves similar to a realistic high Reynolds number flow. For this purpose, the boundary layer transition is artificially fixed at a line near the leading edge of the wing and at a ring close to the apex of the fuselage. For a body in supercritical flow, the laminar-turbulent transition of the boundary layer is a significant parameter to determine the shock wave-boundary layer interaction, and, thus, the aerodynamic characteristics of the body. The aim of this paper is to investigate the effects of the laminar to turbulent boundary-layer transition position on the aerodynamic characteristics of the AGARD calibration model B (AGARD-B) in a newly established 0.8 × 0.6 m transonic wind tunnel. The AGARD-B model is an ogive-cylinder with a delta wing designed for calibration of supersonic and transonic wind tunnels. The experiments are presently being conducted with force measurements and sublimation visualization methods. The surface-flow patterns of free transition of the boundary layer over the three-dimensional model at transonic speeds are still not well understood. A difficult problem of the analysis of the sublimation patterns is the interpretation of the the boundary-layer transition location from the surface-flow pattern. It should be acknowledged that the photographs of complex flow patterns can be easily misinterpreted. Consequently, interpretations are not presented unless accompanied by clear photographs. The test results obtained with boundary-layer transition fixed 2 at a location near the wing leading edge and the fuselage apex are compared with those of free transition and the effects of boundary-layer transition location on the aerodynamic characteristics of the model are identified. The force measurements with free boundary-layer transition are compared with those of the Yugoslavia T − 38 1.5 m trisonic wind tunnels. 3 In the following sections, the experimental setup is described. The experimental results are presented. The effects of the boundary-layer transition location are analyzed. Finally conclusions are drawn.
II. Experimental Setup and Test Conditions

II.A. Wind Tunnel
The present study was carried out in the continuous closed-circuit transonic wind tunnel NF-6 at the Northwestern Polytechnical University, Xi'an, China. The three-dimensional test section size is of 0.8 × 0.6 × 3 m. This facility is driven by a two-stage axial-flow compressor.The stagnation pressure and the stagnation temperature of the tunnel air were controlled from 1.0 to 5.5 atmospheric pressure and between 283 K and 323 K, respectively, dependent on Reynolds number and Mach number. The air was dried until the dewpoint in the test section was reduced sufficiently to avoid condensation effects. The upper and lower walls are 6%-perforated with holes 60
• inclined upstream. A glass window is mounted on the ceiling wall of the test section for autographic recording of the flow development over the upper surface of test model. The flow uniformity in the test section was shown by measuring the centerline static pressure distribution from which the centerline Mach number distribution was calculated using an average stagnation pressure measured in the stilling chamber. Figure 1 gives the Mach number distribution along the centerline of the empty test section of the wind tunnel for a nominal Mach number from 0.20 to 1.05. The Reynolds number is about 15 × 10 6 m −1 . The flow is uniform in the test section except within 200 mm from the entrance and the exit for Mach number between 0.20 and 1.00. In the meantime, the static pressure on the sidewall center line at 200 mm from the entrance was measured. The correlation between the sidewall static pressure and the Mach number in the model region is used to determine the freestream mach number M ∞ in the model testing.
II.B. Model and Measurements
The AGARD-B calibration model is a fuselage and mid-wing combination. The fuselage configuration consists of a tangent ogive nose of 3D length with a cylindrical afterbody of 5.5D length. D = 66.0 mm. The nose is described by
where r is the radius and x is measured from the apex. The semi-apex angle of the nose is 18.4
• . The wing is a delta in the form of an equilateral triangle with a span of 4D and a circular-arc airfoil of 4% thickness. The mean aerodynamic chord of the wing is 152 mm. The model was machined from stainless steel. The measured coordinates of the experimental model were nowhere greater than ∆y/c = 0.0002. The model is supported in the test section by a tail sting mounted on a pitching and roll mechanism by which desired aerodynamic angles can be achieved. The pitching accuracy is 0.05
• in pitch and 0.25 • in roll. Figure 3 shows the photos: (a) the AGARD-B model, and (b) the model installed in the test section of the N F − 6 wind tunnel.
The aerodynamic forces and moments are measured by a six-component strain-gauge balance. The fuselage base pressure is sensed by a single orifice at the end of a tube which is routed along the sting of the 
II.C. Artificial Transition
The artificial transition method is required to result in a negligible increase in drag other than that due to the change in the transition location. One satisfactory method is with the use of a strip of distributed particles of roughness. The roughness height is chosen less than the local laminar boundary-layer thickness and larger than the minimum height to initiate turbulent spot. The laminar boundary-layer thickness at x/c = 5% on the wing surface is about 0.13 mm and 0.12 mm at M ∞ = 0.60 and 0.75, respectively. The laminar boundary-layer thickness at x/L = 5% on the fuselage surface is 0.25 mm and 0.23 mm at M ∞ = 0.60 and 0.75, respectively. The minimum roughness height for initiating turbulent spot is calculated according to Ref. 4 to be 0.08 mm on both wing and fuselage surfaces at x/c = x/L = 5%. Thus, the roughness particle height is chosen to be 0.11 mm. The roughness particle diameter of 1.2 mm and the distance between the neighboring particles of 2.5 mm are used for both the wing and fuselage of the model.
The roughness particles are made of fiber poly putty mixed with a stiffener. The weight ratio of the putty and stiffer is about 100. The putty has good filling performance, wear-resisting, excellent adhesion and sandibility. The roughness strip is made with a narrow and long plastic strip of 0.13 mm thickness, upon which a series of evenly distributed holes of 1.2 mm diameter at every 2.5 mm are drilled for filling the putty when it is placed at the location of transition line on model surface. 5, 6 After the putty becomes stiff, the plastic strip is removed off carefully and a distributed putty-particle strip is formed. Figure 4 shows the process of making the roughness strip: (a) the holed plastic plate, (b) the putty-filled plastic plate on the wing surface, (c) putty particles on wing, and (d) putty particles on fuselage. The completed transition strips on the surfaces of the wing and the fuselage of the AGARD-B model are shown in Fig. 3 (b) , where x tr /c = 5% and x tr /L = 5%, respectively. 
II.D. Sublimation Visualization
The sublimating chemical visualization technique is used to visualize the location of laminar to turbulent boundary-layer transition on the wing surface. 7 The chemical solid used for visual indication of boundarylayer transition in the transonic flow is naphthalene (C 10 H 8 ). A 10% solution of naphthalene is made in the solvent, acetone ((CH 3 ) 2 CO) and sprayed on both starboard and port upper surfaces of the wing by means of an ordinary paint spray-gun with a gun nozzle distance of 60 mm. Complete evaporation of the solvent occurs before the spray reaches the surface. By this procedure, uniformity of coating is attained with three or four passages of the gun and the coating is finely crystalline, uniformly greyish-white, and of aerodynamic smoothness. No application of the naphthalene coating over the fuselage. Immediately after application of the coating, the air blast is turned on rapidly until the required air speed is reached and then maintains the speed until the chemicals in the turbulent region have sublimated, showing the desired flow patterns. Photographs are taken in real time from a camera through an optical window mounted on the the ceiling wall of the test section, which clearly record the development of the boundary-layer transition over the starboard upper surface of the wing. Figure 5 shows the naphthalene-film sublimation over the wing upper surface of the AGARD-B model, (a) without naphthalene film, (b) with naphthalene film, (c) fixed transition at x tr /c = 5%, and (d) free transition, where (c) and (d) are taken at M ∞ = 0.75, α = 0
• , Re ≈ 2 × 10 6 . In the still air, the wing surface without and with the naphthalene film is dark and white, respectively, as shown in (a) and (b). As the air flows, the elevated shear and temperature associated with high turbulence of the boundary layer at the location of transition cause the naphthalene to increase its rate of sublimation in the turbulent region with respect to that of the laminar region. Consequently, the naphthalene is removed in the turbulent area before the naphthalene in the laminar area is appreciably affected. Under the fixed transition, the white coating immediately after the roughness strip disappears leaving a dark band which spreads downstream towards the wing trailing edge, while under the free transition, a dark area across the wing span appears near the wing trailing edge with acute-angled dark band diverging from micro surface-imperfection points at the wing leading edge. Under the fixed transition, the dark area on the wing surface is symmetric with respect to the incidence plane. Under the free transition, the dark areas on the port and starboard wing surfaces are asymmetric. It is noted that there appears a narrow dark band over the wing surface immediately behind the leading edge for both the fixed and free transition as the air flows. Table 1 gives the test conditions for measuring the lift coefficient
II.E. Test Conditions
and base pressure coefficient C pb of the AGARD-B model at angle of attack α = −6
• -14
• , freesteam Mach numbers M ∞ = 0.60 and 0.75, and Reynolds number based on the wing mean aerodynamic chord Re ≈ 2 × 10 6 for the boundary-layer transition fixed at x tr /c = x tr /L = 5% and free transition. Table 2 shows the test conditions for the sublimation visualization of the boundary-layer transition over the wing upper surface of the AGARD-B model at freestream Mach numbers of 0.60 and 0.75 and Re ≈ 2 × 10 6 , respectively, at angles of attack from −2 • to 6
• , for the boundary-layer transition fixed at x tr /c = x tr /L = 5% and free transition.
III. Experimental Results
The 6% perforated upper and lower walls of the wind tunnel reduce but do not completely eliminated wall interference in the test section. At transonic speeds, the wall interference problem is complicated under free transition agree well with the present aerodynamic coefficients as shown in Figure 6 . As the Reynolds number for the T − 38 model is much higher, the zero-lift drag coefficient is slightly lower than the present result. A deviation of the base pressure coefficient C pb between the two test results is observed in fig. 8 (a) . This may be caused by differences in the balance and sting used in the two tests. 
III.B. Autographic Records of Boundary-Layer-Transition Development
The boundary-layer-transition developments over the wing starboard upper surface for the fixed and free transition are studied by the autographic records of the naphthalene film sublimation. For each test condition of Table 2 , four photos are selected from the record: one photo in the transient state before the given test condition is reached, and the rest three photos in the steady-flow state. Each photo is labeled with the time when the photo is taken. Table 3 lists the freestream Mach number, Reynolds number, boundary-layer Table 3 . Figures for boundary-layer sublimation visualization, AGARD For all the fixed boundary-layer transition cases, the autographic records show that turbulent boundary layer appears immediately after the roughness strip and spreads downstream and, thus, the transition position on the wing surface is symmetric with respect to both the incidence plane and the wing plane of the model as the roughness strips are set symmetrically. For the free boundary-layer transition cases, the autographic records show that different transition positions may occur on port and starboard surfaces and on upper and lower surfaces, for different angles of attack and different freestream Mach numbers. At α = −2 • and 0 • for both M ∞ = 0.60 and 0.75, the free boundary-layer transition on the upper surface behaves as a dark area appears near the wing trailing edge with acute-angled dark band diverging from micro surface-imperfection points at the wing leading edge. The front boundary of the dark area for these free-transition cases is zigzag. The micro surface-imperfection points are of random distribution. For definiteness, the boundary-layer transition location is defined at the forefront straight line of the dark area which extends across most part of the wing span. At α = 2
• for both M ∞ = 0.60 and 0.75, the free boundarylayer transition on the upper surface behaves as the fixed transition, i.e., the white coating immediately after the leading edge disappears leaving a dark band which spreads downstream towards the wing trailing edge. This might be induced by a local flow separation along the sharp leading edge on the wing upper surface. At α = 6
• , besides that the white coating immediately after the leading edge disappears leaving a dark band which spreads downstream towards the wing trailing edge, an additional dark bank appears on the upper surface beginning from the leading edge of the wing root and spreading towards the trailing edge of the wing tip, which is caused by the separated vortex from the 60
• sweptback sharp leading edge of the wing. Examination of the streamwise sublimation position at each instantaneous time step on the wing surface is important for identifing the free transition position for each test cases. Table 4 presents the averaged boundary-layer transition location defined above x tr /c over the wing starboard upper surface for various free-transition test cases obtained from the figures of Table 3 . 
IV. Conclusions
An AGARD-B model is tested in a transonic wind tunnel with free and fixed boundary-layer transitions at freestream Mach number of 0.60 and 0.75, angle of attack ranging from −6
• to 14
• and Reynolds number based on the wing mean aerodynamic chord about 2 × 10 6 . The fixed transition is set at 5% chord on the wing and 5% length of the fuselage. The aerodynamic forces and moment are measured and verified by repetition tests. The wing surface flow patterns are visualized by using a sublimating naphthalene technique. The effects of the boundary-layer transition on the flow patterns and the aerodynamic characteristics are studied.
For the fixed boundary-layer transition, the boundary layer transits to turbulent immediately after the roughness strip in all the test cases and no noticeable additional drag is introduced by the roughness strip.
For free boundary-layer transition,
1. When the angle of attack is low, the turbulent boundary-layer transition line appears near the trailing edge on both upper and lower surfaces of the wing.
2. When the angle of attack is moderate, the turbulent boundary-layer transition line appears near the leading edge on the wing upper surface due to the occurrence of the local separation at the sharp leading edge.
3. When the angle of attack is high, the turbulent boundary-layer transition line appears near the leading edge on the wing upper surface and an additional transition band is induced by the leading-edge separated vortex on the wing upper surface.
The lift, drag and pitching moment coefficients and the base pressure coefficient are almost the same for both free boundary-layer transition and the fixed boundary-layer transition. 
